The effects of suppressing deoxyhypusine synthase (DHS) have been examined in tomato (Solanum lycopersicum cv UCT5). DHS mediates the first of two sequential enzymatic reactions that activate eukaryotic translation initiation factor-5A (eIF-5A) by converting a conserved Lys to the unusual amino acid, deoxyhypusine. DHS protein levels were suppressed in transgenic plants by expressing the 3#-untranslated region of tomato DHS under regulation of the constitutive cauliflower mosaic virus promoter. Fruit from the transgenic plants ripened normally, but exhibited delayed postharvest softening and senescence that correlated with suppression of DHS protein levels. Northern-blot analysis indicated that all four gene family members of tomato eIF-5A are expressed in fruit, and that three are up-regulated in parallel with enhancement of DHS mRNA as the fruit begin to senesce and soften. Transgenic plants in which DHS was more strongly suppressed were male sterile, did not produce fruit, and had larger, thicker leaves with enhanced levels of chlorophyll. The activity of PSII was 2 to 3 times higher in these transgenic leaves than in corresponding leaves of wild-type plants, and there was also enhanced deposition of starch in the stems. The data collectively indicate that suppression of DHS has pleiotropic effects on growth and development of tomato. This may, in turn, reflect the fact that there is a single DHS gene in tomato and that its cognate protein is involved in the activation of four distinct isoforms of eIF-5A.
Fruit ripening and softening are complex developmental processes resulting in changes in color, flavor, aroma, and texture. In the case of tomato fruit (Solanum lycopersicum cv UCT5), for example, the conversion of chloroplasts to chromoplasts containing lycopene accounts for the progressive color changes during ripening (Harris and Spurr, 1969; Bathgate et al., 1985) . Numerous new mRNA species are synthesized during tomato fruit ripening and have been found to encode a range of proteins including enzymes required for ethylene biosynthesis, cell wall degradation, and the accumulation of pigments, sugars, volatiles, and organic acids Gray et al., 1992; Brummell and Harpster, 2001) . The seminal role of ethylene in climacteric fruit ripening is compellingly illustrated by the finding that transgenic tomato fruit with suppressed ethylene biosynthesis exhibit delayed ripening (Klee, 1993) .
Cell wall modifications are a key feature of fruit ripening. They include extensive de-esterification and depolymerization of pectin polymers mediated in part by polygalacturonase, which is strongly up-regulated in ripening tomato fruit (Della Penna et al., 1989; Sitrit and Bennett, 1998) . Experiments with transgenic tomato fruit in which polygalacturonase mRNA and protein levels were suppressed have demonstrated, though, that the softened texture of a ripe fruit does not result directly from polygalacturonase-mediated modifications to the pectin network (Brummell and Harpster, 2001 ). Down-regulation of polygalacturonase does, however, delay fruit senescence and enhance resistance to postharvest pathogens (Langley et al., 1994) . Pectin methylesterase activity also increases in tomato fruit during the early ripening stages (Harriman et al., 1991) , but although its suppression in transgenic fruit resulted in reduced pectin depolymerization, there was again no effect on firmness during ripening (Tieman and Handa, 1994) . Antisense suppression of pectin methylesterase in tomato does, however, result in a dramatic loss of tissue integrity during senescence of stored fruit (Tieman and Handa, 1994) . Softening accompanying ripening proved to be significantly reduced in transgenic tomato fruit with suppressed b-galactosidase, an enzyme that is normally up-regulated during the early stages of ripening and serves to remove pectic galactan side chains (Smith et al., 2002) . In addition, expansin proteins appear to play an integral role in fruit softening, probably by disrupting hydrogen bonding between cellulose microfibrils and matrix polysaccharides, resulting in loosening of the cell wall structure (Brummell and Harpster, 2001) .
In this study, we report that suppression of deoxyhypusine synthase (DHS; EC 2.5.1.46), an enzyme thought to be present in all eukaryotic cells (Jenkins et al., 2001) , delays loss of tissue integrity in senescing tomato fruit. DHS catalyzes the first of two sequential reactions that result in the conversion of a conserved Lys in inactive eukaryotic translation initiation factor-5A (eIF-5A) to the unusual amino acid, hypusine (Park et al., 1993 (Park et al., , 1997 . Hypusinated eIF-5A appears to facilitate protein synthesis by acting as a nucleocytoplasmic shuttle protein, selectively translocating specific subsets of mRNAs from the nucleus to the cytoplasm for translation (Bevec and Hauber, 1997) . One of the first indications of its selective involvement in protein synthesis came from yeast (Saccharomyces cerevisiae) studies in which the single yeast gene encoding DHS was mutated. The mutant proved incapable of cell division, but otherwise remained viable and showed only a marginal reduction in protein synthesis (Park et al., 1993 (Park et al., , 1997 Kang and Hershey, 1994) . The same phenotype was achieved by inactivating both gene family members of yeast eIF-5A (Tome and Gerner, 1997; Park et al., 1998) . Inhibition of DHS in mammalian cells induces cell cycle arrest (Hanauske-Abel et al., 1995; Jenkins et al., 2001; Lee et al., 2002) . Thus, DHS-mediated activation of eIF-5A appears to be required for division of mammalian cells, although there is also recent evidence that a gene family member of eIF-5A in mammalian cells is involved in apoptosis (Li et al., 2004; Taylor et al., 2004) .
Full-length cDNA clones encoding DHS and eIF-5A have been isolated from a number of plant species (Chamot and Kuhlemeier, 1992; Ober and Hartmann, 1999; Wang et al., 2001 Wang et al., , 2003 . Moreover, the recent isolation of DHS from a cDNA expression library prepared from osmotically stressed tomato leaves (Wang et al., 2001) indicates that plant DHS in conjunction with eIF-5A may be involved in facilitating the translation of proteins required for cell death. This contention is further supported by analyses of mRNA abundance indicating that DHS is up-regulated in parallel with eIF-5A in a number of senescing plants (Wang et al., 2001 (Wang et al., , 2003 .
In this study, a transgenic approach was used to demonstrate the involvement of DHS in tomato fruit senescence. Antisense suppression of DHS in transgenic plants delayed the onset of fruit senescence and, at high levels of suppression, also resulted in male sterility and alterations in leaf size and function.
RESULTS

Antisense 3#-Untranslated Region Tomato DHS Transgenic Plants
The 3#-untranslated region (UTR) of tomato DHS (SlDHS) cDNA (Wang et al., 2001 ; GenBank accession no. AF296078) was subcloned into pKYLX71 in the antisense orientation. Expression of the transgene was regulated by two consecutive copies of the cauliflower mosaic virus (CaMV) 35S promoter. Southern-blot analysis revealed only one copy of the endogenous DHS gene in HindIII-digested genomic DNA from wild-type plants (Fig. 1) . Nine primary transformants expressing 35S::antisense 3#-UTR SlDHS (TP1-9) were obtained, and each of these contained one or two copies of the transgene (Fig. 1) . T4 plants for three of the transgenic lines, TP3, TP5, and TP7, were obtained by screening successive generations on kanamycin. A fourth line, TP4, which was one of five transgenic T1 plants (primary transformants) that did not produce fruit ( Fig. 1) , was propagated vegetatively for further study. A null line, which was kanamycin resistant but had lost the antisense DHS gene, was also analyzed (Fig. 1) .
In keeping with the fact that CaMV 35S is a constitutive promoter, western-blot analysis confirmed that the presence of the transgene decreased levels of endogenous DHS protein in both leaves and fruit. DHS protein was detectable in mature leaves of TP3, TP5, and TP7 plants, but the level of leaf protein was clearly lower for each of the transgenic lines than for corresponding wild-type plants ( Fig. 2A) . Of particular note, however, is the finding that DHS was more strongly suppressed in leaves of TP4 plants, which did not produce fruit, than in leaves of the fruit-bearing TP3, TP5, and TP7 plants (Fig. 2, A and B) . This suggests that high levels of DHS suppression disrupt fruit set. DHS protein also proved to be dramatically lower in both breaker and red-soft fruit for all three fruitbearing transgenic lines (TP3, TP5, and TP7) than in corresponding fruit from wild-type plants (Fig. 2C ).
DHS Suppression Delayed Fruit Softening
There were no discernible differences in phenotype during growth and development between wild-type plants and those of the fruit-bearing transgenic lines (TP3, TP5, and TP7). However, in keeping with the fact that DHS is up-regulated in softening tomato fruit from wild-type plants (Wang et al., 2001) , fruit from these transgenic lines exhibited delayed postharvest wrinkling in comparison to wild-type control fruit. This phenotype segregated with the antisense transgene and is illustrated in Figure 3 for T4 fruit of the TP3 line. Wild-type and transgenic fruit were harvested at the breaker stage and stored at 19°C in 70% to 90% relative humidity. Both types of fruit ripened normally under these postharvest storage conditions, but the control fruit showed visible signs of softening within 14 d and, by 28 d after harvest, were extensively wrinkled and at an advanced stage of deterioration (Fig. 3) . By contrast, no visible signs of wrinkling or softening were evident for TP3 fruit stored under identical conditions up to 44 d after harvest (Fig. 3) .
Quantitative measurements of the delay in fruit softening were obtained using a fruit pressure tester. The pressure required to break through a peeled region of the fruit surface, which was taken to be a measure of firmness, was measured at 3-d intervals after harvest. For wild-type fruit, the pressure decreased from approximately 0. (Fig. 4A) . At pressure readings of 0.6 to 0.8 kg cm
22
, the fruit were firm and there was no evidence of skin wrinkling. However, at readings of 0.5 kg cm 22 and below, the fruit were soft and wrinkled. Thus, TP3 fruit remained firm well past the point where control fruit had begun to soften and spoil. Postharvest TP5 and TP7 fruit also exhibited delayed softening in comparison to wild-type control fruit, but the delay was less pronounced than that for TP3 fruit (Fig. 4 , B and C). For each of TP3, TP5, and TP7, the lines depicting changes in fruit firmness during postharvest storage (Fig. 4) are significantly different from those of wild-type fruit based on a two-way ANOVA (P , 0.0001). As well, the delay in softening was not attributable to differential water loss between control and transgenic fruit. For both TP3 fruit, the transgenic line showing the most pronounced delay in softening (Fig.  4) , and wild-type control fruit, the decrease in fresh weight reflecting loss of water between the breaker stage of development when the fruit were harvested and 42 d postharvest was approximately 9% (Fig. 5A) . Moreover, the rates of water loss over this period were not significantly different for the two types of fruit (Fig. 5A) .
Two additional parameters of postharvest development were compared for TP3 and wild-type fruit. Polygalacturonase activity in tomato fruit is augmented during ripening and continues to increase as the fruit become over-ripe and begin to soften (Hobson, 1964; Tucker et al., 1980; Brummell and Harpster, 2001) . In this study, polygalacturonase activity proved to be lower in the transgenic fruit than in the wild-type control fruit during postharvest development for this enzyme in tomato fruit at 7 d postbreaker (Smith et al., 1990) . At this stage of development, the wild-type fruit were red-firm. Earlier studies have shown that polygalacturonase activity of tomato fruit peaks between 7 and 14 d postbreaker, and that polygalacturonase mRNA levels decline by approximately 75% between 7 and 10 d postbreaker (Smith et al., 1990) . In keeping with this, polygalacturonase activity for wild-type fruit declined to 0.24 mmol min 21 mg 21 protein by day 21, at which point the fruit were past the over-ripe stage and visibly senescent, and to 0.01 mmol min 21 mg 21 protein by day 40, at which point the fruit were extensively senescent (Fig. 5B ). By contrast, for the transgenic TP3 fruit, polygalacturonase activity was only 33% of that for wild-type fruit at day 7 postbreaker and 20% of that for wild-type fruit at day 21 postbreaker, and at both these stages of development the transgenic fruit were red-firm (Fig. 5B) . Moreover, the activity of polygalacturonase remained Figure 4 . The effect of suppressed DHS protein abundance on changes in tomato fruit firmness during postharvest storage. The fruit were harvested at the breaker stage of development and stored in continuous light at 19°C 6 1°C, 70% to 90% relative humidity. Time after harvest is specified in days. Fruit firmness was measured using a pressure tester and is expressed as the pressure (kg cm 22 ) required to puncture the pulp after peeling away the skin. A, Fruit from wild-type plants (WT) and from plants of the transgenic line, TP3, expressing the 3#-UTR of tomato DHS in the antisense orientation under regulation of the CaMV 35S promoter. B, Fruit from wild-type plants (WT) and from plants of the transgenic line, TP5, expressing the 3#-UTR of tomato DHS in the antisense orientation under regulation of the CaMV 35S promoter. C, Fruit from wild-type plants (WT) and from plants of the transgenic line, TP7, expressing the 3#-UTR of tomato DHS in the antisense orientation under regulation of the CaMV 35S promoter. The data are expressed as means 6 SE for n 5 3. For A to C, the lines depicting changes in fruit firmness during postharvest storage are significantly different (P , 0.0001) based on a two-way ANOVA (Prism 4 for Windows; GraphPad Software, San Diego). Figure 5 . Effects of suppressed DHS protein abundance on changes in tomato fruit fresh weight, polygalacturonase activity, and electrolyte leakage during postharvest storage. The fruit were harvested at the breaker stage of development. A, Changes in fruit fresh weight. Values are means 6 SE for n 5 3. The lines depicting changes in fresh weight for wild-type fruit and TP3 fruit are not significantly different (P , 0.05) based on a two-way ANOVA (Prism 4 for Windows; GraphPad Software). B, Polygalacturonase activity in cell wall protein extracts of wild-type (WT) and transgenic (TP3) fruit during postharvest storage. Values are means 6 SE for n 5 3. C, Electrolyte leakage from pericarp discs. Values are means 6 SE for n 5 5. Asterisks denote significant differences (P , 0.0001) between the values for wild-type fruit and TP3 fruit at specific time points based on a two-way ANOVA (Prism 4 for Windows; GraphPad Software). essentially unchanged for the transgenic TP3 fruit between days 21 and 40 postbreaker in keeping with the fact that the fruit remained red-firm and did not senesce during this period, whereas polygalacturonase activity for wild-type fruit declined by 96% over the same period (Figs. 5B) . This large reduction in polygalacturonase activity for wild-type fruit between days 21 and 40 postbreaker presumably reflects progressive deterioration of the fruit as they continue to senesce (Figs. 3 and 4A ). In addition, the onset of electrolyte leakage, which is thought to reflect senescence-induced lipase activity leading to lipid phase changes and membrane leakiness (Eze et al., 1986; Sharom et al., 1994) , was delayed in the TP3 fruit (Fig. 5C ). For wild-type fruit 20 d after harvest at the breaker stage of development, electrolyte leakage from pericarp discs had increased by 132% of the corresponding background rate for breaker fruit (Fig. 5C ). By contrast, leakage from pericarp discs of TP3 fruit 20 d after harvest had increased by only 56% of the background rate for corresponding breaker fruit (Fig.  5C ). By day 40 after harvest, electrolyte leakage had increased by 216% of the breaker-stage value for wildtype fruit and by only 143% for TP3 fruit (Fig. 5C) . Indeed, the leakage of transgenic TP3 pericarp discs at 40 d postbreaker was comparable to that for wild-type pericarp discs at 20 d postbreaker (Fig. 5C ).
DHS Suppression Results in Male Sterility and Altered Leaf Morphology and Function
Unlike TP3, TP5, and TP7 plants for which there was no discernible phenotypic difference from wild-type plants during growth and development, TP4 plants, which had higher levels of DHS suppression (Fig. 2, A and B), formed flowers, but did not produce fruit and had to be propagated vegetatively. Pollen from TP4 plants was examined microscopically and found to be malformed, suggesting incomplete or abnormal development and male sterility (Fig. 6 ). That TP4 flowers were male sterile was confirmed by the finding that cross-pollination with wild-type pollen resulted in the formation of fruit (data not shown).
Vegetatively propagated TP4 plants also exhibited other phenotypes that distinguished them from wildtype control plants as well as from TP3, TP5, and TP7 transgenic plants. In particular, TP4 plants had fewer internodes (38% less on average) than wild-type plants (data not shown), and the mature leaves were visually larger with more leaflets than those of wild-type plants (Fig. 7A) . Indeed, quantitative measurements of leaflet area revealed that mature and senescing leaflets of TP4 plants were 2.4 and 1.4 times larger, respectively, than those of corresponding wild-type leaflets (Table I) . There were also differences between TP4 and wildtype plants in leaflet thickness. Specifically, the young and mature leaflets of TP4 plants were, on average, 1.5 and 1.2 times thicker than those of corresponding wild-type plants (Table I) . Leaf chlorophyll was also higher in TP4 plants than in wild-type plants. Levels of chlorophyll a/b per square centimeter of leaflet surface were 16% and 42% higher in young and mature leaves, respectively , of TP4 plants than in corresponding leaflets of wild-type plants, and were also higher in the TP4 leaflets of mature and old leaves when expressed relative to fresh weight (Table I) .
The increased chlorophyll a/b levels in TP4 leaves correlated with higher photosynthetic capacity. Depending on the age of the leaves, PSII activity proved to be 2.3-to 3-fold higher for TP4 leaves than for corresponding wild-type leaves when normalized to leaf surface area, and 1.7-to 2.3-fold higher when normalized to leaf fresh weight (Table I) . This is consistent with the higher chlorophyll levels per unit surface area and per unit leaf fresh weight in TP4 plants. Of particular interest, however, is the finding, for young leaves only, that PSII activity normalized to chlorophyll was still higher (1.9-fold) for TP4 plants than for wild-type plants (Table I) . This difference was not evident for mature and old leaves ( Table I) .
The enhanced photosynthetic capacity of TP4 plants corresponded with increased starch deposition. Tomato plants store starch in the pith of the stems and, in keeping with higher levels of starch deposition, the main stems of TP4 plants proved to be significantly thicker than those of corresponding wildtype plants. The circumference of the main stems of 18-week-old wild-type and TP4 plants was measured at 20-cm intervals. For the first 20 cm, there was no difference in stem thickness, but in the upper reaches of the plant, 60 to 120 cm from the bottom, the circumference of TP4 stems was, on average, 25% larger than the circumference of wild-type plants (Fig.  7B) . Moreover, examination of stem cross-sections stained for starch revealed that the increased thickness of TP4 stems reflected an increase in size of the pith, which was filled with starch ( Fig. 7C) . Indeed, quantitation of starch levels over the length of the stem indicated that TP4 plants have 78% more starch than corresponding wild-type plants. Wild-type plants contained 1.58 6 0.14 mg starch cm 21 of stem length, whereas transgenic TP4 plants contained 2.81 6 0.07 mg starch cm 21 stem length. There is only one DHS gene (GenBank accession no. AF296077) in tomato, but there are four gene family members for tomato eIF-5A: SleIF-5A1 (accession no. AF296083), SleIF-5A2 (accession no. AF296084), SleIF-5A3 (accession no. AF296085), and SleIF-5A4 (accession no. AF296086; Wang et al., 2001) . Northern analyses in which total RNA blots were probed with cDNAs corresponding to the coding regions of DHS and eIF-5A have indicated that both genes are expressed in senescing cotyledons, leaves, flowers, and fruit of the tomato plant (Wang et al., 2001) . This parallel expression is in keeping with the contention that DHS mediates the first of two reactions resulting in post-translational activation of eIF-5A (Park et al., 1993 (Park et al., , 1997 . However, probing with the coding region of eIF-5A does not distinguish between its various gene family members (Wang et al., 2001) . Thus, in an effort to gain an increased understanding of why suppression of DHS in transgenic tomato plants has pleiotropic effects on growth and development, temporal and spatial patterns of mRNA abundance for the individual tomato eIF-5A gene family members were determined and compared to those for DHS. The coding regions of the SleIF-5As are 70% to 80% identical at the nucleotide level (Wang et al., 2001 ). However, the 3#-UTR regions are only 39% to 49% identical (Table II) , and hence it proved possible to distinguish the gene family members in northern blots by probing with the respective 3#-UTRs.
DHS is expressed at low levels in breaker and redfirm tomato fruit and is strongly up-regulated at the red-soft stage coincident with the onset of senescence ( Fig. 8A ; Wang et al., 2001) . This is consistent with the finding that suppression of DHS delays fruit softening (Figs. 3 and 4) . All of the SleIF-5A gene family members are also expressed in fruit at each of these stages of development (Fig. 8A) . However, in keeping with the enhanced abundance of DHS mRNA in senescing fruit, three of the eIF-5A gene family members, SleIF-5A2, SleIF-5A3, and SleIF-5A4, show significant up-regulation at the red-soft stage (Fig. 8A) . Similarly, a pronounced up-regulation of DHS in senescing tomato flowers correlates with increased mRNA abundance for two eIF-5A gene family members, SleIF-5A1 and SleIF-5A4 (Fig. 8B) and is consistent with the finding that strong suppression of DHS resulted in deformed pollen (Fig. 6) . DHS is also constitutively expressed in tomato leaves, but levels of its cognate mRNA increase coincident with the onset of premature senescence induced by osmotic stress ( Fig. 8C ; Wang et al., 2001 ). This again correlates with up-regulation of eIF-5A, in this case a single gene family member, SleIF-5A2 (Fig. 8C) . Thus, in the event of both natural senescence, as exemplified by softening tomato fruit and senescing tomato flowers (Fig. 8, A and B), and stress-induced premature senescence, as exemplified by osmotically stressed tomato leaves (Fig. 8C) , there is strong up-regulation of DHS accompanied by enhanced mRNA abundance for one or more gene family members of SleIF-5A.
DISCUSSION
It has been proposed that plant DHS, like its mammalian and yeast counterparts, mediates the first of two reactions required for the post-translational activation of eIF-5A, specifically the formation of deoxyhypusine on the inactive eIF-5A protein (Wang et al., 2003) . Evidence supporting this includes the fact that recombinant tomato and tobacco (Nicotiana tabacum) DHS have been shown capable of catalyzing the formation of a deoxyhypusine residue in Arabidopsis (Arabidopsis thaliana) and tobacco eIF-5A substrates, respectively (Ober and Hartmann, 1999; Wang et al., 2001 ). These observations indicate not only that plant DHS exhibits the same catalytic property as its animal and yeast counterparts (Schwelberger et al., 1993; Park et al., 1997) , but also that recombinant plant eIF-5A is capable of being deoxyhypusine modified. In addition, changes in DHS mRNA abundance during plant growth and development are accompanied by corresponding changes in eIF-5A mRNA levels. In tomato, for example, there is strong up-regulation of DHS accompanying flower senescence, softening of tomato fruit, and premature leaf senescence induced by environmental stress, and in each case the enhanced abundance of DHS mRNA is accompanied by upregulation of eIF-5A (Wang et al., 2001) . Wang et al. (2001) reported that northern blots probed with either full-length SlDHS cDNA or 3#-UTR SlDHS cDNA depict the same spatial and temporal patterns of mRNA abundance during growth and development of tomato. This could mean that there is only one gene encoding DHS in tomato and is consistent with Southern-blot data obtained in this study. These earlier findings are also consistent with the fact that transgenic plants constitutively expressing antisense 3#-UTR cDNA of the single known SlDHS gene exhibited strong phenotypes. Yet there are four gene family members of SleIF-5A. This suggests that the protein encoded by the single SlDHS gene is involved in the post-translational activation of all of the SleIF-5A isoforms, and that the phenotypes observed in the DHS-suppressed transgenic plants are not necessarily a reflection of functional impairment of a single isoform of eIF-5A. Indeed, although up-regulation of DHS in the various tissues of developing tomato plants appears to be invariably accompanied by a corresponding enhancement of eIF-5A mRNA abundance, it is apparent from this study that there is no clear pattern of up-regulation for the individual gene family members of eIF-5A. Rather, the expression patterns suggest that there may be some functional redundancy among SleIF-5A gene family members. For example, in senescing tomato fruit, three gene family members, SleIF-5A2, SleIF-5A3, and SleIF-5A4, show enhanced transcript abundance and, in senescing flowers, SleIF-5A1 and SleIF-5A4 are both up-regulated. Although more definitive testing would be needed to demonstrate that the gene family members of SleIF-5A have even a degree of overlapping function during senescence, it is noteworthy that both gene family members of eIF-5A in yeast regulate cell division (Schwelberger et al., 1993; Park et al., 1997) .
For three of the DHS-suppressed transgenic lines, TP3, TP5, and TP7, there was a significant delay in the onset of fruit senescence during postharvest storage. This was apparent both from the appearance of the Table I . Morphological and physiological comparisons of wild-type and transgenic TP4 tomato plants TP4 plants were expressing the 3#-UTR of tomato DHS in the antisense orientation under regulation of the CaMV 35S promoter. Cuttings 10 cm in length were rooted in Promix BX soil, and the plants were evaluated at 18 weeks of age. Young, mature, and old denote young, mature, and old leaves, respectively. Values are means 6 SE for n 5 3. NS, No significant difference; Chl, chlorophyll; FW, fresh weight. *, Significant differences at P , 0.05, based on a two-tailed t test (Prism 4 for Windows; GraphPad Software); **, significant differences at P , 0.005, based on a two-tailed t test (Prism 4 for Windows; GraphPad Software); ***, significant differences at P , 0.0005, based on a two-tailed t test (Prism 4 for Windows; GraphPad Software). Table II . 3#-UTR nucleotide sequence identities (%) for tomato eIF-5A gene family members
Corresponding GenBank numbers are indicated.
fruit, specifically delayed wrinkling and spoilage in comparison with wild-type fruit, and from quantitative measurements showing delayed pericarp softening, and indicates that DHS plays a role in the execution of fruit senescence. Moreover, for each of the lines, the delay in fruit senescence correlated with reduced abundance of DHS protein in the fruit tissue. DHS-suppressed fruit also exhibited a delay in the onset of electrolyte leakage associated with fruit senescence. Electrolyte leakage is a well-established trait of senescing tissues and is thought to reflect lipid phase changes attributable to enhanced lipase activity and ensuing leakiness of membrane bilayers (Eze et al., 1986; Sharom et al., 1994) . Electrolyte leakage for transgenic fruit at 40 d postbreaker was the same as that for wild-type fruit at 20 d postbreaker, confirming a very significant delay in senescence and spoilage of the transgenic fruit. In addition, the transgenic fruit exhibited lower levels of polygalacturonase activity than wild-type control fruit during postharvest development. This enzyme is known to be associated with fruit ripening as well as softening of over-ripe fruit (Hobson, 1964; Tucker et al., 1980; Brummell and Harpster, 2001) . Indeed, the polygalacturonase activity of transgenic fruit was only 33% of that for corresponding wild-type fruit at 7 d postbreaker when both types of fruit were still red-firm, and 20% of the activity for wild-type fruit at 21 d postbreaker when the transgenic fruit were still red-firm and the wildtype fruit were soft and extensively senescent. This finding that reduced polygalacturonase activity correlates with enhanced structural integrity of tomato fruit during postharvest storage has been noted previously in studies of transgenic fruit with suppressed polygalacturonase activity (Kramer et al., 1992; Langley et al., 1994; Brummell and Harpster, 2001) . Of particular interest is the finding that suppression of DHS had no effect on fruit ripening. Transgenic and wild-type fruit harvested at the breaker stage of development ripened normally and in parallel, and were of comparable texture and color at the fully ripe stage. Thus, the delay in senescence-associated softening of the fully ripe transgenic fruit with suppressed DHS appears to be mechanistically distinguishable from the textural change incurred during tomato fruit ripening, a change that is at least partially mediated by up-regulation of b-galactosidase (Smith et al., 2002) . That these temporal phases of fruit softening are executed by different mechanisms is also consistent with the finding that antisense suppression of pectin methylesterase in tomato fruit accelerates the senescence-associated loss of tissue integrity during senescence, but has no effect on fruit firmness during ripening (Tieman and Handa, 1994) .
Apart from exhibiting delayed fruit senescence, transgenic lines TP3, TP5, and TP7 were indistinguishable from wild-type plants during growth and development. However, an additional DHS-suppressed transgenic line, TP4, exhibited deformed pollen and proved incapable of forming fruit unless crosspollinated with wild-type pollen. Moreover, westernblot analyses of leaf tissue indicated that DHS is more strongly suppressed in TP4 plants than in TP3, TP5, and TP7 plants. Pollen formation is contingent upon a series of highly regulated developmental changes in the flower, some of which involve tissue senescence. DHS is strongly up-regulated in senescing flowers, and the finding that its suppression in TP4 plants disrupts pollen formation is consistent with its apparent involvement in tissue senescence. TP4 plants also had larger and thicker leaves with more chlorophyll per unit surface area than wild-type plants, and the higher levels of chlorophyll correlated with enhanced photosynthetic capability. Moreover, this increase in leaf size and thickness and the accompanying increase in photosystem activity were not apparent in TP3, TP5, and TP7 plants, which had lower levels of DHS suppression. The underlying basis for enhanced leaf size in the DHS-suppressed TP4 plants is not clearly apparent, but it may reflect reduced severity of senescence induction and the associated cessation of growth in response to repeated episodes of sublethal stress. This would result in growth that is more continuous over time . It is important to note, as well, that inasmuch as TP4 is a primary transformant, tissue culture effects cannot be precluded.
Suppression of DHS has been shown previously to delay the onset of leaf senescence in transgenic Arabidopsis plants (Wang et al., 2003) . The results of this study, indicating that suppression of DHS in tomato delays the onset of fruit senescence, lend further credence to the view that DHS plays a central role in the regulation of senescence. DHS is thought to be present in all eukaryotic cells and, to date, its role in mammalian cells and yeast appears to be restricted to an involvement in hypusination of eIF-5A. Moreover, there are reports that distinct isoforms of hypusinated mammalian eIF-5A play a role in cell proliferation and apoptosis (Lee et al., 2002; Li et al., 2004; Taylor et al., 2004) . This study does not preclude a role for DHS in cell division in plants, but it does indicate that plant DHS is involved in the regulation of senescence, a highly regulated process of programmed cell death analogous to apoptosis.
MATERIALS AND METHODS
Suppression of DHS in Transgenic Plants
Suppression of endogenous tomato (Solanum lycopersicum cv UCT5) DHS (SlDHS) protein abundance was achieved by constitutively expressing the 3#-UTR of SlDHS cDNA in the antisense orientation in transgenic plants. The 3#-UTR of SlDHS cDNA, which has been cloned previously (Wang et al., 2001) , was subcloned into the binary vector, pKYLX71 (Schardl et al., 1987) in the antisense orientation under the regulation of two copies of the CaMV 35S promoter. The pKYLX71 vector contains a tetracycline resistance gene in the bacterial replication region and a kanamycin resistance gene (NPTII) in the T-DNA region. Binary vector bearing the antisense DHS construct was introduced into Agrobacterium tumefaciens LBA 4404 by electroporation. Liquid culture (10 mL 2xYT containing 50 mg tetracycline and 250 mg rifampicin) from a single colony of transformed A. tumefaciens was centrifuged at 2,500g for 5 min, and the sediment was resuspended in liquid Murashige and Skoog (MS) medium (Sigma-Aldrich, Oakville, Ontario, Canada) at 2.5 3 10 8 bacteria mL 21 (OD 600 5 0.4) to form an agrosuspension.
Tomato cotyledon explants were transformed with agrosuspension essentially as described by Earle and Frary (1996) . For this purpose, seeds were surface sterilized in 1% sodium hypochlorite-0.1% Tween 80 for 10 min, rinsed three times in sterile water, and germinated in a Magenta box on half-strength MS media containing 0. formed within 1 week and the plantlets were transferred to soil 1 week later and grown to maturity in a greenhouse. Segregating populations of seed were screened on kanamycin to obtain transgenic lines. Transgenic and wild-type plants were grown in Promix BX soil in 14-inch pots in a greenhouse. Some transgenic T1 plants produced flowers, but no fruit. These lines were maintained as rooted cuttings under greenhouse conditions for further analysis. Cuttings (10 cm in length) from 18-week-old plants were rooted in Promix BX soil in 8-inch pots and, after 4 weeks, transferred to 14-inch pots and allowed to grow to maturity.
Molecular Analyses
Leaf genomic DNA for Southern-blot analysis was isolated according to Wang et al. (2001) and digested with HindIII. The digested products (10 mg DNA) were fractionated on a 1.0% agarose gel, immobilized on a nylon membrane, and hybridized with 3#-UTR SlDHS cDNA as described in Wang and Arteca (1995) .
Western-blot analysis and protein extraction and measurement were carried out as described previously (Wang et al., 2001 ). For western-blot analysis of fruit, total fruit protein was subjected to ammonium sulfate precipitation as described in Park and Wolff (1988) prior to fractionation in order to eliminate pectin contaminants. The 25% to 40% ammonium sulfate fraction, which contains the DHS protein (Park and Wolff, 1988) , was used for western-blot analysis.
For northern-blot analysis, total RNA (10 mg) was fractionated on 1.2% denatured formaldehyde agarose gels and immobilized on Hybond-N 1 nylon membrane (Amersham-Pharmacia, Baie d'Urfe, Canada). Hybridization conditions were as described in Wang and Arteca (1995) . cDNAs corresponding to the 3#-UTRs of the four tomato eIF-5A gene family members and full-length cDNA corresponding to tomato DHS were labeled with aP 32 -dATP using a random primer kit (Roche, Mannheim, Germany).
Postharvest Fruit Storage, Firmness, and Electrolyte Leakage
Tomato fruit were harvested at the breaker stage of development and stored in continuous light at 19°C and 70% to 90% relative humidity until they ripened and began to senesce. Firmness of the fruit during this period of postharvest storage was measured at 3-d intervals using two different fruit pressure testers (FT02 and FT011; Wagner Instruments, Greenwich, CT). FT02 was used for measuring pressures up to 1 kg cm 22 , and FT011 was used for measuring pressures between 1 and 5 kg cm 22 . The convex tip for both testers is five-sixteenths of an inch in diameter. Fruits were peeled at the location of measurement due to the resistance of the skin, and firmness was taken to be the amount of pressure required to puncture the surface of the exposed fruit pulp. Electrolyte leakage of pericarp discs from fruit at selected stages of postharvest development was measured at room temperature over a 3-h period using a conductance meter (model 1056; Amber Science, Eugene, OR) as described previously (Sharom et al., 1994) .
Morphological Measurements and Chemical Assays
Leaf age was designated according to position on the mature plant. Leaves at the top of the plant, 10 to 11 cm in length, approximately 100 cm from the base of the stem, and light green in color were classified as young leaves. Those in the middle region of the plant, 20 to 100 cm from the base of the stem, 18 to 24 cm in length, and dark green in color were designated as mature leaves. Those at the lower reaches of the plant, within the first 20 cm from the base of the stem, 20 to 27 cm in length, and beginning to turn yellow were designated as senescing leaves.
Leaf area was measured with a portable area meter (model LI-300A; LI-COR, Lincoln, NE), and leaf thickness was measured using calipers. Stem circumference was measured at 10-cm intervals by wrapping a piece of string around the stem to accurately replicate its shape and measuring the length of string corresponding to the circumference.
Levels of chlorophyll a/b in leaf discs (0.7 cm diameter) were measured as described by Porra et al. (1989) . PSII activity was determined according to Wang et al. (2003) .
Starch content in the pith of stems from 18-week-old mature plants was visualized by examining 40-mm-thick stem sections that had been stained with Lugol's solution for approximately 2 min, rinsed in deionized water, mounted on glass slides, and overlaid with a coverslip. The sections were photographed on a light box with a digital camera. Levels of stem starch were quantified according to Lustinec et al. (1983) .
Measurements of Polygalacturonase Activity
Protein extracts for measurements of polygalacturonase were obtained as described by Biggs and Handa (1988) and Tucker and Grierson (1982) . Polygalacturonase activity was measured according to Gross (1982) in the absence of added Ca 21 . Under these conditions, endo-polygalacturonase activity as distinct from exo-polygalacturonase activity is measured (Burmeister and Harman, 1998) . Protein was quantified using Bradford reagent (Bradford, 1976) .
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